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High Precision Scientific Computation Accumulator on FPGA

LEI Yuan-Wu DOU Yong GUO Song
(College of Computer , National University of Defense Technology, Changsha 410073)

Abstract  In this paper we explore the capability and flexibility of FPGA solutions in a sense to
accelerate high precision scientific computing applications. First, we research the inner product
operation, which occurs in almost all scientific and engineering applications, and propose the ex-
act inner product algorithm based on exact long fixed-point operations. Taking IEEE 754-2008
quadruple precision floating-point as an example, we have implemented a full-pipelined Quadruple
Precision Multiplication and Accumulation (QPMAC) into FPGA devices. We propose a two-lev-
el RAM banks scheme to store the exact fixed-point result, and use carry-saved accumulator
scheme to minimize the width of fixed-point adder and simplify the logic of carry resolution. We
also introduce a scheme of partial summation to enhance the pipeline throughput of MAC opera-
tions, by dividing the summation function into 4 partial operations, processed in 4 banks. To
prove the concept, we prototype four QPMAC units into a XC5VLX330 FPGA chip and perform
LU decomposition and MGS-QR decomposition. The experimental results show that our imple-
mentations based on FPGA achieve 42X-97X better performance, more precision results and much
lower power consumption compared with the use of a parallel software approach based on
OpenMP running on an Intel Core2 Quad Q8200 CPU at 2. 33 GHz.

Keywords quadruple precision floating-point arithmetic; LU decomposition; MGS-QR decom-

position; FPGA; hardware accelerator; ExeScale computation
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Algorithm : Exact Dot Product
Input: A;, B;(i=1,,n)
Output: Result
Initialize: sum[L.1]=0;
1. for i=1 to n do
2. Load(A;, By);
3. s=sign(A;) ~sign(B;); exp=exp(A;) +exp(B;);
product=mant(A;) * mant(B;) ;
4. new_sum[ 247 —1:1]=sum[ 24+ —1;1];
5. if (s==0) then
6. {carry, new_sum[2¢* +M—1.2¢" |} = sum[ 2P +M—1.
240 14 product[M:1];
7 new_sum|[ L ;24P + M |=sum[ L ;2" +M |+ carry;
8. else
9 {carry, new_sum[ 2¢* +M—1 ;24" |} = sum[ 2¢r +M—1;
2¢t ] — product[M:1];

10. new_sum[ L 297 +M]=sum[ L :2°? +M] —carry;
11.  end if

12.  sum[L:1]=new_sum[1L:17];

13. end for

14. Result=normalize(sum[L:1])
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Algorithm: Product Accumulation based on Carry-Save Scheme
Input: Product;, exp;[15:0](i=1,2,,n)
Output: C[515:0], CF[515:0], Zero_Flag[515:0]
Initialize: ZF[515.0]=0;
1. for i=1 to n do
2. {P;[2],P:[1],P;[0]}=Product;<exp:[6:0];
3. Set k=exp;[15:7]. Load C[k]~C[k+3] and
CF[k]~CF[k+3] from SumMem;
4. if (ZF[k]==0) then {CF[£].C[k]}=0;
if (ZF[k+1]==0) then {CF[£+1].C[k+1]}=0;
it (ZF[A12]==0) then {CF[k+2].C[A12])=0;
if (ZF[k+3]==0) then {CF[k+3],C[k+3]}=0;
5. {CFLk],C[r]}=CL[r]+P;[0];
(CF[A+17.C[k+1]) =C[A+1]+P:[1]CF[£];
(CF[h+2].C[k+2]) =C[h+2]+P:[2]+CFk+1];
{CFTE+3].Clk+3]) = {CF[k+37,C[E+3]} +CF[k+2];
6. Store C[k]~C[k+3] and CF[ k—1]~CF[k+3] to SumMem;
7. Updata ZF[ k]~ ZF[ k4 3] according to C[£]~C[k+ 3] and
CF[k—1]~CF[k+3];
8. end for
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Slave B35, BATR A 2L 9 B AF 8 8 0 (MPD [
SPMD B Rk Horp N R FE A L, P
FRIAT Slave kY A0 HH T (PE) AN 4L

g 5Ca) fr . LU 43 fiff fin 8 #h 32 %8 dy #3104
Hil B 2 PE fl—/~11 58 PE BEFVALAL. Hob 450
PR YGE o PCIE 5@ ¥ 5 £ HLHE T 50808 Fir 4 52

B, [R] B A 45 6 P~ DDR2 f7% 25 191 0] 5 32 PE 4
17 Master 535 . 115 PE $447 Slave 534 . & PE Al
& PE B3 LR 58 AL LU 43 BT 384T 55
| DRAM_0 | | DRAM_1 |
A 7y
v v
2 45 B B

FHL | N
@®C) | ol

| FPGA

|

(a) LUMGS-QR I #% b 14 45 44 ]

N

A

> DDRif %

\

RAM_TL
RAM_TU K 3 %
-
_>
»| FPFIFO_L
(b) LUMI# RS ol ST PEZ i)
——

@ DDRi# %

RAM_Q A
H i
A [FIFO_A]—>

(¢) MGS-QRInig # il 5 PE4S 4
5 LU 4l H MGS-QR 43 i i ik 43

+ PE FIil%5 PE B 51 #3217 N/P K. Bikis
17% PE )\ DDR2 £74iff & b 32 ORI » & % 313+ 55
PE, . JU AT &% R 5 M 6; 4 A 115 PE 58 it
HG, ¥ PE $UITE [ 545 9 A 10,06 L JiREM P
HIF U S P 475 171 3] DDR2 fEi% 75

145 PE M5kt 18 5 (b) Br 7~ » = B A HE WA
RAM . H4~ FIFO,—4> QPMAC PG, — 4~ TU K &
TF R R VR A A A5 2 R P RAM(RAM_TL
M RAM_TU) fetig i 545 R b L J5FE () — 51 F1 U
5 B4 —17 s A FIFO(FIFO_L #1 FIFO_U) Al F
et PE Z [a] (0 B4 5 DOOKS B2 V7 B s B R
FH3E 4-SRT BRik B L sEH.

QPMAC ¥ JC GE % ok 37 3 B 735 Cal _U, H
QPMAC FBRER SR 153 50 Cal L. HEH]:
B 6 vk A FiE Cal_L (Lined) $U47 2 01 » 18] H
TL C &7 7€ RAM_TL o, ] ik, Cal_L W11 5
SEH ) 5 TD A 088 B 3K 2, 42 0 i 3 (Line8) |
Cal_L JiiE (Line9) F1 & 3% Ji 15 (Linel D) fE 98 JF 17
AT, W) B, $0 R iE (Linel2) . Cal _U Jil &
(Linel3) fl & 3% J5 18 (Linel5) fE % £ 17 $h47. X Fh
THE 5 B {5 A & 0 5 2 R] DA RO 5 B A%
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12 JE I K08 DL K J7 S0 PE Z (8] 1% 38, X e KRR
JERAE T QPMAC HIT i it K A7 i A0 3 3K B 4

AT 3 58 F8— YR UG JBE AR SRR A

Algorithm A Pipelined LU decomposition algorithm

Master algorithm:

Sla

ve algorithm:

1. if pid=0 then 1. if 1=<pid="P then
2 for k=1 to N by P 2 while(TRUE)
3 M=SetLength(%); Set k' =k~ pid; 3 WaitSetLength(M) ; Set M' =M+ pid—1;
4 do in parallel 4 Rev(pid—1, TL[1:M+P—1]);
5. Send(1, A[k:N, 1. (k+P) D} 5. Parallel[Rcv(pid—l. TU1.:M+P—1);
6 Send(1, A[1:(k+P), kN 6. Do lcal UCTLI[1.M' —17, TU1.M'], TUIM'D
7 end do 7 for ;=M pid to N
8 for pid=1to P 8 rRev(pid—1, TD[1:M+P—17]);
9 Store(A[K :N. (¢ —1)7. pid» TLIE N 9. Pparallel| Cal_LL(TL[1:M —17, TD[1:M'], TULM']. TL[i]);
10.  Store(A[(K' —1), (¢ —1):NT. pid» TULGK —1:N;  10. Do | TD[M']=TL[:];
11. end for 11. LSend(pid+1, TD[1:M+P—11]);
12. end for 12. rRev(pid—1, TD[1:M+P—11]);
13. end if 13, Parallel| CAlLUCTUL 1M —17, TD[1.M'], TULi D ;
D Store( X, pid,Y) : store elements of an array Y of PE numbered 14. Do TD[M']=TU[i];

pid into X 15. LSend(pid+1, TD[1:M+P—1]);
D> Send(pid. X): send elements of an array X to PE numbered pid; 16. end for
D Rev(pid, X): receive elements of an array X from PE numbered pid; 17. end while
DCal U(X[1:n—1], Y[1:n], w): calculate elements of U 18. end if
DCal_L(X[1:n—1], Y[1:n], a, D: calculate elements of L
Algorithm B: Pipelined MGS-QR decomposition algorithm
Master algorithm: Slave algorithm:
1. if pid=0 then 1. if 1==pid="P then
2 for /=1 to N by P 2 while(TRUE)
3. M= Setlength(k) ; 3 WaitSetLength(M) ;
3. Send(1, A[k:N, 1:ND; 4. Parallelr Rev(pid—1, TA[1:N]);
4 Store(A[k+p:N, 1:N], P,FIFO_A); 5. Do [Cal_R(TA[l;N],TA[I;N],Temp_R);
5. for pid=1to P 6 TRL M+ pid]=sqrt(Temp_R) ;
6. Store(R[ (k+ pid) , (k+ pid) : N1, pid . TR[ (k+pid):N]); 7 Cal_Q(TA[1:N], TR[M+ pid], TQ[1:N]);
7 Store(Q[ (A -+ pid)+ 1:NTs pids TQ[1:ND; 8 for i=M-+ pid+1 to N
8 end for 9 ParallelfRev(pid—1, TA[1:N];
9. end for 10. Do [Cal,R<TA[1,N].,TA[1:N],TR[i,]);
10. end if 11.  parallelrCal_LACTA[1: N1, TD[ {1, TQ[1: N
DCal_R(X[1:n], Y[1:n], w): execute the dot product u of vector 12. Do [Scnd(pid+1 , TA[1:ND;

X and Y 13. end for
DCal_Q(X[1:n],R,Y[1:n]): execute the operation Y[i|=X[i]/R 14. end while
DCal_A(X[1:n],R.Y[1:n]): execute the operation X[i]=X[7/]— 15. end if

R*Y[i], where i=1,2,+

a1

Kl 6

4.2 EHF QPMAC 1y MGS-QR 4 f&

MGS-QR 4 FE R iR i o e
SEHRFE A SO EASHLRE Q A B =AM R ITHE
BIRRE N OGP).

for k=1 to N

R[/e,/e]:sqrt(;%‘i\‘A[/e,i] c Ali k]
QLks * 1=Alks * 1/RLk:k];
for j=kF+1to N
R[k’j]:H%NQ[kd] < Aliujls
Alj. = J=Alj, * J-R[k,j] - Qlk, = I;
end for Ax=1,2,+,N

end for

HT QPMAC ik MGS-QR 43 fiff 55 1 Je fin i

ARLEE WK LU 23 A 35102 MGS-QR 43 fff 4 12

WA LU S S AL, G 5.6 B, Master
S0 32 22 DX )0 A DDR2 A7 fiff 25 v 32 i) 250406
%356 20115 PE sp 5 A TR LU 43 i b, 411
B PE 2 X J5 UG B 0 B0Hs 2R AT HR 4R s T MGS-QR
i BT PE R E R AR T — 4t
HPE M8 2 Y HT i 5 PE B9 T 37 45 3L, Master
N Slave FIE B AT — K AR B R R
PE ) 58 4 (45 5 71 2] DDR2 A7-fifi #5 .

W& 5Ce) FrR » MGS-QR 43 fi# fin ek #8 v 19 44
PE % i %~ RAM, 4 FIFO. /} QPMAC #.
TG A DURE T R A R — A DU OKG BE I s T
JiBEEL RAM_A i TA7#62k A & —4 PE BT g
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B RAM_Q H TAAE A4 R Q MR —77 5
FIFO_A i T 22 it 55 PE Z [a] (9 %405 5 PO A% B2 T
J7 #iH% A Non-Restoring J 75 & 51 5231,

5 LU 73 fig #H 81, QPMAC HoT R % 1l 57 1 55
JiiE Cal_R F Cal _A R AL 14 33 AT & 1Y
J5 35 ok I E 15 48 B, $2 B QPMAC B 5T (1% Fl
Y LU A F 2, & 6 5k B Slave 5
B 11,12 fT 207655 9,10 1758 UG A BEFRAT .
XA E R T RN R RN RE T AT AT, HUAE
BRI SR EE MR LR SR ESET
2R B R 5 4 30 1 4E

5 LWHER

FAT#E FPGA ¥ A A b 30iE BRI JF &M -
£ 5 —Ht FPGA #5 B .2 X 2GB DDR2 7% 4. DDR2 #5

il f IZ AT AR 200 MHz, WE(EHT 98 7T 35 6. 4 GB/ s.
FPGA & F & Xilinx Virtex5 XC5VLX330-1FF1760,
B 207360 4~ LUT, 192 /> DSP48E. 10 368Kb
Fr A fEfik g, £HLS FPGA siaf PCIE x8 il i #F 47
B A0 Ay 4 B 22 HLL A T8 900 MB/ s, F AT HI %
A4 5 AT OKG J R 8% MPFR sR 0% (MPFR
3.0. 0 WG BEIR A 113 fir) FE X Intel b3 &5 47 1k
R 1k 19 Intel Fortran pR %0 JFE (fa #F Intel BB %L
FEDET S X HE M R R4l R L BT B A S
DURZ AL B 2% (2. 33 GHz Intel Core2 Quad Q8200) .
4GB DDR3Fif 2. FPGA ~F & #1547 I 18] 42 & A
FE WL 1) A A K 3400 B B A S AL T S i e i
SRASCHR 1y B 1]
5.1 FPGA #iE

RIHAR T HEAZE I LA PE B
LU 73 fif A1 MGS-QR 3 fift il 5 10 2545 25 2R

® 3 FPGAHREMAR

FHAEE Slice Reg Slice LUT Block RAM DSP48E Freq/MHz Power/W
S5 A QPMAC 14000(6 %) 27028(13%) 0 35(18%) 19%. 678 —
i DIV 855(0%%) 1073€0%0) 0 0 185. 632
e SQRT 615C0%) 638(0%) 0 0 212. 736
LU 2PE 39954(19%6) 77504(37%) 76(26 %) 70(36%) 167.870 18.50
3 i i A% 4PE 68957(33%) 143087(68%) 13446 %) 140€72%) 160. 810 21.93
MGS-QR 2PE 39223(18%) 75242(36%) 76(26 %) 70(36 %) 184. 264 17. 04
Sy ik o 2% 4PE 67808(32%) 142635(68%) 134(46%) 140(72%) 160. 308 19. 96

WM& 3 H1Af LLF . DSP4SE B & 48 5y U
K B2 B 2E T F 50 o 5 B i i . o DSPASE H
F 58 OE AR BRI R L DL R B Y
SRR 7E QD HPMAC(256 {i7) H DSPASE
AT FERE T 5020,

fEA K QPMAC &3t ffi il FPGA J P43
i 2 RAM 52 B8 0 77 fith 14 45 1 v ) 7 A7 A AR 3
it FPGA B AR Jay A &5 R4 » 5 ik FPGA Jy Pk
RAM o7 B 5 » 45 04 [ 7 A 2 [] B X 0 7 4 5
FPGA J N 17 fiff 25 0 I8 19 A 3. B2, & A X
RAM (5§ ] FPGA 1) #Z 8 % J5. B itk , QPMAC
Slice LUT JH#£5%] 13%.

HF7E QPMAC #it Hh ok F 4 B8 JE 07 520 ok
W o o JI S 9 L DR Ok A B R 2 G AR X
F DD HPMAC(170. 7TMH2) 2 428 T 12%. LU I
MGS-QR J3fiff Jin 328 45 1) 35 45 A6 4P i ik 160 MHz,
11 5L R R B S (9 7 KO I 5 BN 38 #5 0 %
HEE R L X R LU A1 MGS-QR 43 i ik 4%
g EA BAFH AT ¥ . X T 4PE Ay LU 2 MGS-
QR 43 fift Jnn o 28 ok Ui, FPGA (% W i 1 fE 35 3

1280M FLOPS (128-bit Floating-point Operations
Per Second). F i ¥ F & WL LU & MGS-QR
Srfi N B L FPGA Y& ia47F 133 MHz.

3 bR 2 o ISELL 3 tf iy XPower
Analyzer T HAG 152119, o 2020 ~30 % (1 2y #6
FIF 10 buffer. 4PE fy LU 43 i il o 25 1) 2 #& 4y
21.93 W, BEAL N 4 % 4b 3 28 Intel Core2 Quad
Q8200 INFE(9SW)H) 1/4.

5.2 mMENREARNBEMESE

K7 8 T FPGA F & M7 5 52 B [H]
B ) i N BRGSO . AR SCERL2 DI 14(d) g
SCHIEE AR Setl~Ser6 E BN FUS B 1e HURE AL

120

BFPGA B Setl @ Set2 H Set3 B Set4 B Set5 H Set6

T 4
P70 e B RG BE A
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L
¥

W B RIS Bk U, N 7 W] LU R &
(8 PR BR 5 SRS B 25 Bl A 1) o K BE 104 38 i AL i
QPMAC T8 B o fff RS 19 5 s I8 35, R 230
A1 2% TR I R A8 ARG At 1) 45 S8 . T R gk f G
ZEHERE] 12 {7,

8 LA T ¥ F & (MPFR, Intel 2R %% %) 1
FPGA - & SZ 3 i) 5 N LU P E. MPFR Al Intel o
BRE 1 7 %4y B 6M FLOPS F1 21M FLOPS,
il QPMAC LT R I 4 i K B3 T BE 5 BUMS i K &
% fBRE W) b BOHE 4 T AF i T DDR2 A7 i 5% 1
QPMAC #1551 133 MHz 32 17 GEBUS 266M FLOPS
(P RE L i b 433k B 45. 9 A 12. 8.

280
240t
7
& 200r
BV ——— FPGAfIER ,
a8 160”,’ ——— Intel HFHE %R 1322
2 ¥ —a— MPFRFHH =
2 1200 - === == JIEILMPER)| |9y =
S - - - I CInteD)
E 1 116
Ha _m----m - - -------- L
dom--""" 18
* * A
10° 10° 10 10° 10°
T f K
8 I i BRI 4 BB L H

FATE o Intel VTune ¥ R85 7 T B K 7 #r
CPU #l FPGA & PERE. N3 4 iR AT B R JE
PR EL R MPFR SEE 1M [ ) £ N B TF 22 1126M 2%
Fe 4 X I MPFR o6 8% o AT 20K 15 07 S
A i P B A AR 0L S B, T i 38 A B0 £ i L
WA F A4 T R B0 FH 45, Intel oA £ 2 41 XF
IEEE F5 #fi 1) TUOKE B2 3 203 AR R 47 % 11 B3t A X
MPFR 15, H 48 4 B0nr LAk 2> — 2 LA E i H
Intel pREUE 14 Intel 4b B 38 A9 45 55 (40 SSE) #E17
PERE AL I CPT BEAIG . R, Intel pREWEE A9 MEBE L
MPFR & 2. 6 f%. FPGA V- & B8 £ X A [\ (1 11 55
R BE BT AH I 1Y 32 4 BT, BT T 4 A B b T
H QPMACH. TR MK it H ik . FPGA - & fig
g L 133 MHz (i1 s 12 £5 2L iy in s L.

x4 FAEEETKEA IMpmERREED R

MPFR(113 bits) Intel Fortran FPGA
N.I. CPI T/ms N.I. CPI T/ms N.I. T/ms S/ms
1126M 0.7 344 503M 0.44 95.8 2M 7.5 12

WP N, L FRIEAS %, CPI 75 Clock Per Instruction, T /R
] . S 7R X F Intel o EI0RE 149 0 32 L.

5.3 LUSRNARBEMELE

M 5 iR, 3T QPMAC ) LU 4 i 31 5
K B AR IR %) 212 S B O R M. X st TR Ok A
SHL A E 2 T ESIA 2n—1 KA A
W21 QPMAC HLITAUTE AR A I A BEAT — IR &
AFEAE. X TR N 4096 f LU 43 i 45 RS )5 42
BT 5.4 i

* 5 LU MGS-QR 4R #5 B IL &
e L RRAS
Th 256 512 1024 2048 4096
LU FPGA  100. 1 98. 8 97.5 95. 7 94. 1
- CPU 97.3  95.1 93.1 90. 9 88.7
MGS- FPGA  103.6 102.3  100.9 98. 8 97.1
QR CPU 100. 8 99. 6 97.1 93.7 91. 2

B9 i T FPGA V& MM & B A
BLU 4 b fe. 78 Intel PUAZ AL PEES | 5290 4T
LU ZM it B 2 F 5 T OpenMP 1 347 LU 4> fit &
i % F MPFER F1 Intel sRECE 47505 P17 3
BEGR A B AT B 2. 8 £ 2. 65 £, NI 9 (a)
AR O T 20 2 R RASE L LU e o o 1) A ik 238
B PE M™EORZER K & B % PE 5001
4, Master Fll Slaver 5875 (18 17 IR B 4kt 9k b
T AR US4 T 1A B 8] 7 B BE AR PR R A8 X T PE
ANE LU G5t o 4 16 75 k2% Bl R B R 1 1
KW A B 5 X 02 BRI PE B3 19 i3 3l F i K
HE2= T8 [ 72 AS A2 1 B0 L K o X AE T PE
Z [A) A% 33 Wil S I MRS 1 18 A s 0 i /K HE 25
B AE S E] Y L /N, 2 R B LR Dy 4096 B,
FPGA ¥ & 1 4PE 1 LU 43 fff Jin 3 #5 19 & ik 5 42
¥ 1000M FLOPS, ifi MPER #il Intel pR %% 1) 75
4314 10. IM FLOPS #il 22. 7M FLOPS, Jil#

ALK E] 97 A5 43 1.
100

1000 - 80 Z%EE
. DM(S) = go[|-+ 2PE

- 900--11\%()) = V& 1PE
A s00{| () SN ==
< CIPE Ll i
SRR =KD 3‘
o - 56 512 1024 2048 4096
£ 600} EEEAPE V i
50 P LA
% 500 (b) #1% FMPFR(OpenMP)
= 1 60
S 400 IE
~ ] -
3 30 2 401+ 2PE (
= 200 { H30f{=1PE
t | =20

100 1@*————A____A___—A————4;

0

256

1024

R A A
(a) LUZM#RIAEIEA

B9 LU & ff i 6e th s, Forp B (o MLTLS. O 5l %R

MPFR . Intel Fortran, 4758 . % F OpenMP ) 317 515,

FEAR B m AN TR SE B a0 3 R, N2 BRI A SR AT

MPER . 47 MPER. # 47 Inter Fortran, 347 Inter Fortran

£ % (1PE.2PE.3PE.4PE) iy FPGA i # £3

4096
R B A
(¢) FHX} T Intel(OpenMP)
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5.4 MGS-QR 4> f# M7 FI Wy 48 B F 1 A

5 LU 4 ff i A AH AL, 35 F QPMAC $5T (1)
MGS-QR 73 fiff (1431 5K B2 Lo AR [R) RS B2 09 3 55 B
FORG . N 5 ORT X T A B AL A 4096 1
MGS-QR 73 fif A5 R KGEHE & 1 5.9 il

10 B TAPE G AR ELEE MGS-QR 43 fi#
M fE. 76 Intel PUAZ LB 4R L. 3L F OpenMP [
MGS-QR FFAT 43 i 305 A PAA T BE 24 HR AT i 1Y
L9 AEA 1.8 5. 5 LU 4 fif AHARL . X F 45 1 i B
B MGS-QR 3 fiff g 2% 19 72 nk S PE S804k 1k
KB X T E PE A%, MGS-QR 43 i fin 8
0 k38N P A PR I B v X TR R
MGS-QR 43 fifp 35 75 v 6 B S aod A% 1 580 422 e it
SRR3R AN RE A B PHAT B0 AS g A 58 4 Y 7K 1 O
KAETHE PE FES i 3l i 5 304 [6) 5 B R L 3
i PE M50 I 20 A K HE 23 FE 65 78 B a) ) L
PRAFAS AR XF N H6 B LA S 4096 19 MGS-QR 73
fi# . 4APE FPGA 523 (19 % ik 3 ik 5] 918M FLOPS,
M MPER Fil Intel pRE0FE B & ik 245350 4 12. 5M
F121. 7M FLOPS, Jin i b3k 3 73 5 H1 42 £%.

<" B PE 100
1S ° +]1PE 42PE
‘ : : 80) ~3PE ~+41PE
puY

%)
& 2p——A—Aa——a A
=2 0
= 256 512 1024 2048 4096
E R B A
S (b) #X TMPFR(OpenMP)
= 60
; ol BT
B 5 —— -4
S X 40 \V— T v—v
E‘So\ﬂ___*\—*\,
20
0 1 A\_F A
256 1024 4096 95612 1024 2048 2006
B A IR

(a) MGS-QRIMEIAER AR (¢) AHX T Intel (OpenMP)
10 MGS-QR s f# itk RE H e, F BRI H MLT.S. O By &

SCREEAR BT # 52 L5 19 A 1)

5.5 PCI-E 4gEo

BT FH5 FPGA i@ it PCIE x8 jf i# #F 174X
#22H  FPGA “F- &5 11 g 32 3| PCIE 77 58 1Y FR .
e = N BN A R, QPMAC 13T B M RE R
266. 6M FLOPS, VLR 10 47 55~ 4. 3 GB/s, 1ij 52
bR A5 9 Ay 900 MB/s, iX 72 FPGA - & it
FAYERE T 4. 8 £ HHXT T Intel p&ERE (1) T3 HLAY
H2.7. 48 LU Fl MGS-QR 43 fi i il o il Tt &

SR SIEAEE A Z L OGS 3815 T 55 16 5 )
T3] P 8y B A A A i/ A P 1
e P (8 FPGA S 15 Tl B =5 4 5 % 27 1 A
it SO B P T B R A S R R
(9 FEAEL D 1O 7 B AR i 5K 5 BT B oo i 32 78 e

—v— MGS-QRS it
Y —— LU it

y
X

56 512 1024 2048 4096
B R

11 LU Al MGS-QR 4 th PCIE 3 {5 7F #5 4 %4 T 4PE
FPGA 53 3 ] 1) e 76

6 % it

AR T — A VUK BE VR A9 B BT (QP-
MAC) , R RS i 22 A5 38 74 A0 a2 45 4 AR 17 A 4
VE AUHE I 5 RIAR AL EA T — Uk i ABRAE. X AR AR %
ARAG ARG Al 1) 1) ek P B R L o G el R Y B R A
H7HA. 75 QPMAC Bt v, 42 H 9 9017 it 5 i ok
T SRR B0 TR 5 | AL B 2457 52 00 55 s il 28
TR 5 SR W s DR Jre /N DG A B AR K B T At 3 A
HLAIERUK R S . R T RIE QPMAC P 8E .
f£ XC5VLX330 it i B it—A LU 23 Fl MGS-
QR 43 fift i 2% J5 R, LK 4 A4 QPMAC Hog, 5
Intel PURZALFHESAH LA 42 2] 97 59 MEREHE Tt
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Background

Scientific computing is becoming the third mode of scien-
tific discovery. Most scientific computation applications oper-
ate on 64-bit floating-point arithmetic, in which rounding er-
rors are an unavoidable consequence. The accumulation of
rounding errors in some large-scale applications leads to inac-
curate, unreliable and even wrong results. Therefore, a rap-
idly expanding body of applications, ranging from mathemati-
cal computations to large-scale physical simulations, require
high-precision arithmetic. Currently, most of high-precision
arithmetic is accomplished by software emulation, such as
MPFR (Multiple Precision Floating-Point Reliable), GMP
(GNU Multiple-precision arithmetic), NTL, QD library.
However, the performance of high-precision arithmetic,
using software, drops by at least one order of magnitude,
compared to 64-bit floating-point. Some hardware designs at-
tempt to overcome the speed limitations of software ap-
proach, such as CADAC, VPIAP. Recently, the use of FP-
GA-based accelerators has become a promising approach for
speed up scientific applications.
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and large-scale LU decomposition, and implemented a Double-
Double and Quad-Double HPMAC unit in the paper appeared
in the 24th International Conference on Supercomputing (ICS’
2010) [ FPGA Accelerating Double/Quad-Double High Preci-
sion Floating-Point applications for ExaScale Computing ].
This paper is an extended version and improvement of that pa-
per. First, we present a full-pipelined multiplication and accu-
mulation on FPGA for IEEE 754-2008 quadruple-precision
floating-point arithmetic. We employ specific schemes to im-
prove the precision and the performance of applications. The
experimental evaluation demonstrates that the performance of
FPGA approach outperforms general-purpose computers with
a speedup of more than 42X, however the power consumption
is only about 25% of the latter. So we believe the application-
specific scheme implemented in high-precision scientific compu-
tation applications provides significant capability and flexibility
over the general-purpose schemes. This work is sponsored by
the National High Technology Research and Development Pro-
gram (2008 AA01A201) and the National Natural Science
Foundation of China (60833004 and 61125201).



